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Remote western China
s and some statistical features of background aerosol concentrations were
investigated at two remote China Atmosphere Watch Network (CAWNET) stations. The estimated elemental
carbon (EC) background at Akdala (AKD) in the mid-latitudes of northwestern China (~0.15 μg m−3) was
only half of that at Zhuzhang (ZUZ) in low-latitude southwestern China (~0.30 μg m−3). The contributions of
EC to the aerosol mass also differed between sites: EC contributed 3.5% of the PM10 mass at AKD versus 5.1%
at ZUZ. Large percentages of the total organic carbon (OC) apparently were secondary organic carbon (SOC);
SOC/OC averaged 81% at ZUZ and 68% at AKD. The OC/EC ratios in PM10 (ZUZ: 11.9, AKD: 12.2) were
comparable with other global background sites, and the OC/EC ratios were used to distinguish polluted
periods from background conditions. The SO4

2−, NH4
+ and soil dust loadings at AKD were higher and more

variable than at ZUZ, probably due to impacts of pollution from Russia and soil dust from the Gobi and
adjacent deserts. In contrast to ZUZ, where the influences from pollution were weaker, the real-time PM10

mass concentrations at AKD were strongly skew right and the arithmetic mean concentrations of the aerosol
populations were higher than their medians. Differences in the aerosol backgrounds between the sites need
to be considered when evaluating the aerosol's regional climate effects.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

Concerns over climate alteration, visibility impairment, and
human health have stimulated interest in understanding how humans
have affected the atmospheric aerosol. Knowledge of the aerosol
background is not only important for studying the changes in aerosol
populations caused by humans but also for assessing the transbound-
ary transport of pollution and for investigating large-scale aerosol
effects on climate and biogeochemical cycles. The aerosol background
is difficult to define rigorously, but it may be thought of as a reasonably
stable aerosol population that is representative of a large area and
upon which pulses from both natural and pollution sources are
occasionally superimposed. A better understanding of the aerosol
background also will be helpful in developing effective plans to
control pollution emissions, especially PM10 (particles ≤10 μm in
diameter), a pollutant of primary concern for many Chinese cities.
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Observations have been made at atmospheric background sites in
China for several decades; most notably at Mt. Waliguan, the global
background station in Qinghai Province (Wang et al., 2002; Zhou et al.,
2004), and at Mt. Longfengshan, Shangdianzi, and Lin'an, which are
located in Heilongjiang, Beijing and Zhejiang, respectively. To the
authors' knowledge, however, atmospheric background observations
were not made in remote southwestern and northwestern China until
2004 (Qu et al., 2008). The observations to date have mainly targeted
gaseous species, and observations of atmospheric aerosols at these
background sites have been mostly short-term and mainly involved
trace elements and water-soluble (WS) ions (Ma et al., 2003; Wang
et al., 2004).

There remains considerable arbitrariness and uncertainty with
respect to what constitutes atmospheric background or baseline
conditions. Measurements made at sites where the influences of local
pollutants are minimal and conditions are reasonably representative
of a large area can provide information on this background. However,
at the same time large, often episodic, natural emissions coupled with
increasing anthropogenic emissions can cause variability in the
aerosol even in remote areas of the world. Indeed, a survey of global
data has shown that the concentrations and compositions of fine
ghts reserved.
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particles can be highly variable even in areas presumed to be
dominated by natural sources (Hidy and Blanchard, 2005).

To assess regional aerosol backgrounds in China, we have conducted
studies at two China Atmosphere Watch Network (CAWNET)
stations: (1) Zhuzhang (ZUZ) which is located in a mountainous
rural area of southwestern China and (2) Akdala (AKD) which is in a
hilly area in the northwestern part of the country (Fig. 1). The aerosol
composition and influences from regional transport have been
described previously (Qu et al., 2008). Here we examine the
frequency distributions and variations of the aerosol chemical data
and combine that informationwith estimates of the pollutants' levels
for the transport pathways to assess the regional aerosol back-
grounds. The objectives of this paper are to (1) evaluate and compare
the statistical distribution and variations of the aerosol populations
at ZUZ and AKD; (2) estimate the contribution of secondary organic
carbon (SOC) to aerosol mass; and (3) estimate the background
levels of the aerosol populations at these two sites.

2. Methods

The sampling and analytical techniques used for this work have
been previously described (Qu et al., 2008), and therefore only a brief
description is given below. Measurements of aerosol composition
weremade at two remote sites, (1) Zhuzhang (ZUZ, 28° 00′N, 99° 43′ E,
3583 m above sea level, on the southeast margin of the Tibetan Plateau
in southwestern China) and (2) Akdala (AKD, 47° 06′N, 87° 58′ E, 562m
asl, on the north margin of the Zhungaer Basin in northwestern China)
(Fig. 1).

Samples included 72-hour (normally from 8:00 to 8:00, local time)
bulk PM10 samples; these were collected from July 2004 to March
2005 at both sites. Daytime (normally from 8:00 to 20:00, local time)
Fig. 1. Sampling sites and 5-days backward trajectory clusters for Zhuzhang (ZUZ) (Clusters 1
NK, NS, UMQ, CD and KM denote Novokuznetsk, Novosibirsk, Urumqi, Chengdu and Kunmin
SO4

2− (sulfate) and Ca2+ (indicator of soil dust) for the trajectory clusters are also presented
et al., 2008). Transport pathways to ZUZ: (1) the polluted, northeasterly Cluster 3 (C-3, from
(over southeastern Yunnan Province), (2) the clean, southwesterly C-1 and C-4 (from coasts
westerly C-6 (fromWest Asia), and northwesterly C-7 (from East Europe). Transport pathway
major Russian industrial cities, NK andNS), and southeasterly C-A (over northwestern Chines
C-I and C-F (from eastern European and Russian high latitudes), (3) the westerly C-B, C-C, C
bulk TSP (total suspended particle) aerosol samples also were
collected but only at AKD. For the first week of the study at ZUZ and
for the first 2 weeks at AKD, 47 mm diameter Teflon® (PTFE) filters
(WTP, Whatman Ltd, Maidstone UK) were used for sampling, but
47mmdiameterWhatman quartz microfibre filters (QM/A,Whatman
Ltd, Maidstone UK) (preheated at 800 °C for 4 h to remove
contaminants) were subsequently used for the measurements.
Aerosol mass was determined gravimetrically with the use of an
electronic microbalance with 1 µg sensitivity (ME 5-F, Sartorius AG,
Goettingen Germany).

Real-time PM10 mass concentrations, averaged over 30 min, were
determined during the sampling campaign by using a tapered element
oscillating microbalance ambient particulate monitor (TEOM® series
1400a, Rupprecht & Patashnick, Albany, NY, US). For these measure-
ments, a 16.7 l/min (lpm)airstreamwasdrawn through aPM10 inlet into
the instrument, then isokinetically split into 1 lpm and 15.7 lpm
airstreams. The 1 lpm airstream was sent to the instrument's mass
transducer while the 15.7 lpm airstream led to the sampling unit. Inside
the mass transducer, the air stream was filtered by a Teflon®-coated
borosilicate glass filter located at the end of an oscillating tapered
element. The filter unit was held at 50 °C to prevent condensation. As
mass collected on the filter, changes in the oscillations were measured
and converted to mass. Measurements were made every 2 s, and those
data were integrated to calculate 30-min averages for particulate mass.

The bulk samples were analyzed for organic carbon and elemental
carbon (OC and EC) using a DRI Model 2001 Thermal/Optical Carbon
Analyzer following the IMPROVE thermal/optical reflectance (TOR)
procedure (Chow et al., 1993). Chemical analyses of the water-soluble
(WS) ions, including SO4

2−, NO3
−, NH4

+, Ca2+, Mg2+, K+, Na+, NO2
−, Cl−

and F−, were conducted with the use of a Dionex® 600 ion
chromatograph (IC) equipped with an ED50A electrochemical detector
–7) and Akdala (AKD) (Clusters A–J). The shadowed area represents continental China.
g, respectively. The mean concentrations of organic carbon (OC), elemental carbon (EC),
; boldface indicated the values higher than the mean of total samples (adapted after Qu
the Sichuan Basin influenced by coal-combustion and mining), and southeasterly C-2

around Bay of Bengal), (3) the remote clean, southwesterly C-5 (from the Arabian Sea),
s to AKD: (1) the major polluted, northeasterly C-J and northwesterly C-G (passing near
e boundarywithMongoliawith coal andmetal mining), (2) the clean northwesterly C-H,
-D and C-E (accounted for 70% the total trajectories and delivered dust).
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(Dionex Corp, Sunnyvale, CA, US). The concentrations of trace elements
were determined by a proton-induced x-ray emission (PIXE) method;
eighteen elements analyzedwere As, Br, Ca, Cl, Cr, Cu, Fe, K,Mn, Ni, Pb, S,
Se, Sr, Ti, V, Zn, Zr for quartz filters and an additional four elements (Al,
Mg, P, Si) for the Teflon® filters. All datawere corrected for backgrounds
from the average of blank filters (Qu et al., 2008).

To evaluate the aerosol background, we stratified the aerosol data
based on trajectory clusters following the methods of Qu et al. (2008).
Five-day air-mass backward in time trajectories were calculated with
the NOAA HYSPLIT4 trajectory model (Draxler and Hess, 1998) using
Fig. 2. The relationship between PM10 organic carbon (OC) and elemental carbon (EC) at Z
(d) cluster 4, relative clean trajectories from coastal regions near the Bay of Bengal; (c) cluste
relative clean trajectories from East Europe and West Asia.
the NCEP (National Center for Environmental Prediction) FNL (final
analysis) meteorological data fields. These trajectories were generated
four times each day (00:00, 06:00, 12:00 and 18:00 UTC) and were
divided into distinct transport clusters by using trajectory clustering, a
multivariate statistical analysis method (Moody and Galloway, 1988;
Arimoto et al., 1999). In this method, squared Euclidean distances
were used to determine the similarities between the trajectories, and
Ward's method was used to make hierarchical clusters of the
trajectories. The clustering results are used to evaluate transport to
the sampling sites, which are illustrated in Fig. 1.
huzhang (ZUZ) for (a) all samples; and for the major trajectory clusters: (b) cluster 1,
r 2, polluted trajectories from southeastern Yunnan Province; (e) cluster 6, (f) cluster 7,



Table 1
Estimated secondary organic carbon (SOC) aerosols and proportions of carbonaceous
aerosols in PM10 for bulk aerosol particles under different air-mass trajectory cluster at
Zhuzhang (ZUZ) during summer, 2004 to spring, 2005.

Trajectory
cluster

Mean
concentration,
μg m−3

SOC proportion
in total OC, %

Proportion in PM10, %

OCpri SOC OCpri SOC EC

2 1.2 2.4 67.5 12.0 25.6 3.9
3 0.58 2.8 83.0 5.7 28 5.3
5 0.59 3.0 82.8 6.4 31.5 4.3
6 0.65 2.4 78.7 7.8 29.8 4.2
7 0.44 2.7 86.3 5.5 35.0 4.3
1 0.49 2.5 84.0 6.5 34.5 3.9
4 0.48 2.3 83.6 6.0 30.9 3.6
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3. Results and discussion

3.1. Similarities in the aerosol populations at Zhuzhang and Akdala

3.1.1. High organic carbon/elemental carbon (OC/EC) ratios
Consistent with is generally seen at remote sites, the OC/EC ratios

in PM10 were relatively high at both ZUZ and AKD, averaging 11.9 and
12.2, respectively. For comparison, the OC/EC ratio for PM2.5 from an
agricultural and pasturing area in California averaged 8.1±2.9
(Kwangsam et al., 2004), and a ratio of 7.8 for PM2.5 was reported
for San Nicolas Island during 1995–1996 (Kim et al., 2000). The OC/EC
ratios over the Chinese mainland are typically 3 or slightly above
(Xu et al., 2002; Cao et al., 2003; Ye et al., 2003; He et al., 2004; Li,
2004; Zhang et al., 2005, 2008; Duan et al., 2005). An OC/EC ratio of
9.0 has been reported by Cachier et al. (1989) for biomass burning
aerosols during the dry season at Lamto in the savannah of the Ivory
Coast.

OC includes both a primary fraction (OCpri) and a secondary
fraction (SOC) that forms from precursor gases. On the other hand, EC
is assumed to be a primary pollutant and does not form during
transport. Therefore high OC/EC ratios can be explained by the
formation of SOC or the removal of EC during transport. Consequently,
one would expect that in regions lacking strong anthropogenic
emissions, OC would be the more abundant form of the carbonaceous
aerosol.

Indeed, the OC/EC ratios in the PM10 samples from ZUZ and AKD
tended to vary inversely with total carbon (TC=OC+EC) concentra-
tions, indicating that the proportions of EC were relatively higher in
themore heavily polluted air. At ZUZ, amoderate correlation (r=0.68,
n=70) between OC and EC in PM10 (Fig. 2a) implies that the two
types of carbon compounds were not controlled by the same sources
and sinks because the relationship between OC and EC explains less
than half of the observed variance.

The formation of SOC combined with OC from biogenic volatile
organic compounds (VOCs) evidently contributes to the OC pool in
summer and autumn at ZUZ (Qu et al., 2008), and sources such as this
would lead to high OC/EC ratios. While the high ratio at AKD may be
largely explained by the formation of SOC and removal of EC during
transport, there also have been reports of high proportions of OC in
the emissions from coal combustion and biomass burning which are
major sources for the carbonaceous aerosol in Xinjiang Province
(Cao et al., 2006). In related studies, OC has been found to account for
70–80% mass of biomass burning aerosol (Ferek et al., 1998).

In comparison, except for aircraft emissions in the upper tropo-
sphere, EC sources are mostly restricted to the earth's surface in
populous regions (Highwood and Kinnersley, 2006). The high OC/EC
ratio at ZUZ (3583 m asl) suggests that OC may be generally more
abundant than EC above the boundary layer in the northern hemi-
sphere. Along these same lines, Hidy and Blanchard (2005) suggested
that in many remote areas EC exhibits relatively constant concentra-
tions that are much lower than those of organic matter.

3.1.2. Large secondary organic carbon (SOC) proportions in total OC
As SOC forms during transport but EC does not, OC/EC ratios tend

to increase commensurately. However, SOC formation can be slow
under certain conditions, such as when solar radiation and ozone are
low, there is intermittent or intensive drizzling, the air is unstable, etc.
(Turpin and Huntzicker, 1991; Lim, 2001). Under those conditions, the
OC/EC ratios can approach those of primary emissions. Based on this
notion, the observed minimum OC/EC ratio [(OC/EC)min] can be
substituted for the characteristic primary emission ratio (OC/EC)pri as
a way of estimating the OCpri and SOC as follows:

SOC=OCtotal − OCpri
=OCtotal − OC=ECð Þpri4EC
≈OCtotal − OC=ECð ÞminTEC

ð1Þ
where OCtotal denotes the total OC (Turpin and Huntzicker, 1995;
Castro et al., 1999). We use this relationship to estimate SOC
concentrations at the two sites below.

3.1.2.1. Secondary organic carbon at Zhuzhang. Clear seasonal
variations in transport to ZUZ (Qu et al., 2008) along with variations
in aerosol sources make it necessary to evaluate SOC concentrations
for a variety of transport conditions, which are represented here by
the air mass trajectory clusters. Significant correlations (pb0.01
significance) were observed between EC and OC for all samples
from ZUZ and for the major trajectory clusters as shown in Fig. 2.
Trajectories clusters C-3 and C-5 are not discussed here because the
numbers of samples in those groups were small. Variations in (OC/
EC)min values can be seen when the data are binned by transport
pathways, and we attribute these variations to differences in the
emission sources.

For example, the (OC/EC)min for the C-2 trajectories from south-
eastern Yunnanprovincewas 3.1, the highest of all clusters, and thismay
be explained by strong VOC emissions and SOC formation in summer
and autumn coupledwith some impacts from regional biomass burning.
The southwesterly C-1 and C-4 trajectories, which also are most
common in summer and autumn, pass over areas around the Bay of
Bengal, and both had an (OC/EC)min of 1.7. The relatively high (OC/
EC)min values for the major warm season trajectories (C-1, C-2 and C-4)
suggest a linkage with VOCs and SOC that varies with season.

The westerly C-6 trajectories, which are common in winter, had a
(OC/EC)min of 1.9, and this may reflect wintertime biomass burning in
the region and in areas to the west (Qu et al., 2008). The (OC/EC)min

value for the northwesterly C-7 trajectories from inland Eurasia was 1.3
and thus the lowest of the clusters; this value also is similar to that (1.4)
for thepolluted transport pathways to Lianyungang, a city near the coast
in Eastern China (Zhang et al., 2005) and also in the same range as
reported for the Pearl Delta River region of China (Cao et al., 2003).

A summary of the calculated OCpri [OCpri=OCtotal−SOC≈(OC/
EC)min ⁎ EC] and SOCconcentrations for thefivemajor trajectory clusters
shows that the OCpri concentration (1.2 μg m-3) and its contribution to
PM10mass (12%)were highest for the polluted C-2 trajectories (Table 1).
In comparison, low OCpri levels were found for the clean (C-1 and C-4)
transport pathways. The relative contribution of EC to PM10 mass was
highest for the C-3 polluted trajectories (5.3%), consistent with the
notion that EC is a primary pollutant and that some OC forms
heterogeneously.

The contributions of SOC to PM10 mass were generally lower for
the short-distance C-2 and C-3 trajectories compared with the longer
ones, i.e. C-5, C-6 and C-7 (Table 1). There were relatively high
proportions of SOC for the short-distance C-1 and C-4 trajectories
(34.5% and 30.9%); but this was probably another effect of seasonality
because these trajectories mainly occurred in summer and autumn
when SOC formation is efficient (Qu et al., 2008). The relatively
constant contribution of EC to PM10 mass (4.2%–4.3%) for the long-



Fig. 3. The relationship between organic carbon (OC) and elemental carbon (EC) in
PM10 (a) and in TSP (b) at Akdala (AKD).
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range C-5, C-6 and C-7 transport pathways suggests a relatively well-
mixed, stable component of the aerosol.

3.1.2.2. Secondary organic carbon at Akdala. Compared with ZUZ,
the atmospheric transport pathways to AKD were more similar
throughout the year; and therefore, the SOC estimation for AKD was
based on the full dataset. There was a significant correlation between
OC and EC in PM10 at AKD (Fig. 3a), and the (OC/EC)min value (2.8)was
similar to the OC/EC ratio reported for PM2.5 from residential coal
combustion (2.7, Watson et al., 2001), which is one of major regional
sources of pollution (Cao et al., 2006). A significant correlation
(p=0.005 significance) also was found between OC and EC in TSP,
with an (OC/EC)min value of 4.1 (Fig. 3b), which is the same as the OC/
EC ratio reported for PM2.5 from residentialwood combustion (Watson
Table 2
Estimated secondary organic carbon (SOC) aerosols and proportions of carbonaceous aeroso
spring, 2005.

Season na Mean concentratio
μg m−3

OCpri

PM10 Aug, 2004 5 0.52
Sep and Nov, 2004 10 0.70
Winter, 2004 27 1.3
Mar, 2005 4 0.45
Whole sampling period 46 0.99

TSP Jul and Aug, 2004 13 1.7
Sep, 2004 9 1.3
Whole sampling period 22 1.6

a Here, n, number of samples.
et al., 2001). The higher (OC/EC)min value for TSP comparedwith PM10

implies different OC origins for the coarser and finer particles.
The concentrations of OCpri, SOC and their proportions of OC in

both PM10 and TSP are summarized in Table 2. The fact that OCpri

exhibited its highest concentration in winter, suggests regional
influences from domestic heating (Qu et al., 2008). Compared with
winter and spring, SOC exhibited higher concentrations and com-
mensurately larger proportions of PM10 OC in summer and autumn
(Table 2); this was probably due to higher summertime OH radical
concentrations and photochemistry that was more favorable to SOC
formation. The SOC contribution to PM10 mass varied in a similar
fashion. Secondary aerosol, including SOC, typically is concentrated in
the fine particles, and consistent with this, the proportion of OC
attributable to SOC at AKDwas higher for PM10 than TSP. In contrast to
the aerosol OC, the proportion of EC in PM10 mass was uniform over
the different seasons (~3.5%), suggesting a constant EC contribution to
aerosol mass in this background region.

The proportions of SOC in OC were relatively large at both sites,
averaging ~81% at ZUZ and ~68% at AKD. As a major constituent of the
aerosol, SOC accounted for 26% to 35% of PM10 mass at ZUZ and 13 to
35% at AKD (Tables 1 and 2). These values are comparable to or slightly
lower than SOC contributions reported for other background areas. For
instance, SOC accounted for 66.7±11.9% of PM2.5 OC in October 2001
for a agricultural and pasturing area in California (Kwangsam et al.,
2004); similarly, SOC composed of 40% to 80% of PM2.5 OC in summer
1987 at Claremont, US (Turpin and Huntzicker, 1995). At a coastal
rural site in Portugal, SOC made up 78% of the OC in marine air parcels
(Castro et al., 1999). As noted above, large proportions of SOC at
background sites generally can be explained by the formation of SOCs
during transport.

3.1.3. Frequency distributions of OC, EC concentrations and OC/EC ratios
Examination of the statistical distributions of mass concentrations

and aerosol components provides information on the variance in the
aerosol populations. The OC and EC concentrations and OC/EC ratios
in PM10 all plotted as positively skew distributions at ZUZ and AKD
(Fig. 4); the modal OC concentrations were 3.1 μg m−3 at ZUZ and
1.9 μg m−3 at AKD. The modal EC concentration was 0.35 μg m−3 at
ZUZ; while at AKD the EC concentrations showed bimodal frequency
distribution, one peak at ~0.15 μg m−3 presumably reflecting the
background conditions, and the other ~0.7 μg m−3 representing the
EC levels during more polluted episodes (Fig. 4e). The frequency
distribution of OC/EC ratios revealed amodal OC/EC ratio of 7.5 at ZUZ
and a lower modal ratio of 6.5 at AKD (Fig. 4c and f); the lower ratio at
AKD presumably reflects the transport of pollution as discussed in
detail below.

3.1.4. Relationships between OC/EC ratios and EC concentrations
A curve fitted to the ZUZ data (Fig. 4g) shows that as the EC

concentrations increased, the OC/EC ratios approached a constant
value of ~7.5; indeed, the first-order, exponential-decay fit between
ls in PM10 and in TSP for bulk aerosol particles at Akdala (AKD) during summer, 2004 to

n, SOC proportion
in total OC, %

Proportion in PM10, %

SOC OCpri SOC EC

2.0 79.1 8.0 31.7 2.9
1.8 77.6 8.6 34.9 3.1
1.7 61.3 8.5 13.3 3.1
1.4 76.0 8.3 26.9 3.0
1.8 68.2 8.5 21.4 3.1
3.1 63.2
2.4 66.1
2.8 64.4



Fig. 4. Frequency distribution of (a) organic carbon (OC) concentration, (b) elemental carbon (EC) concentration and (c) OC/EC ratio in PM10 at Zhuzhang (ZUZ); frequency
distribution of (d) OC concentration, (e) EC concentration and (f) OC/EC ratio in PM10 at Akdala (AKD); first order exponential decay fitting between PM10 OC/EC ratio and EC
concentration at ZUZ (g) and AKD (h). Mean concentrations of OC and EC for the clean trajectory clusters at ZUZ (g) and AKD (h) are also presented.
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the OC/EC ratios and PM10 EC concentrations has an R2 value of 0.88.
This asymptote is similar to themodal OC/EC ratio (Fig. 4c), and it also
is similar to the OC/EC ratio of 6.6 found for the polluted C-3
trajectories, which is the cluster that had the highest EC concentration.

Fig. 4g also shows that as the OC/EC ratios increased, the EC
concentrations approached a minimum, possibly reflecting the EC
concentrations in the absence of regional pollutants, and thus the
regional background. The low EC concentrations for the clean C-1 and
C-4 trajectories to ZUZ (both 0.30 μg m−3, Fig. 1) also suggest an EC
background value. Moreover, as was the case for EC, the OC
concentrations for the clean C-1 and C-4 ZUZ trajectories were the
lowestof all the transport clusters, averaging3.0 μgm−3 and2.8 μgm−3.
The OC and EC concentrations for the two clean trajectory clusters also
were similar to themodalOC andEC concentrations shown in Fig. 4a and
b. Therefore, C-1 and C-4 pathways, which accounted for 42% of the
trajectories and ostensibly tracked marine air that had passed over a
coastal area around Bay of Bengal, may best reflect the aerosol
background at ZUZ.

Similarly, the first-order, exponential-decay fit between the OC/EC
ratios and PM10 EC concentrations at AKD has an R2 value of 0.87; and
the fitted curve (Fig. 4h) indicated that as EC concentrations increased,
the OC/EC ratios approached a constant value of 5.5. This is comparable
to themodal OC/EC ratio (Fig. 4f) and to the OC/EC ratio of 5.7 found for
the polluted C-J trajectories, the group with the highest EC concentra-
tions. In Fig. 4h one also can see that as OC/EC ratios increased, the EC
concentrations approached a minimum, possibly representing the
regional background. The low EC concentrations for the clean C-D, C-H
and C-I AKD trajectories (~0.15 μg m−3, Fig. 1) and the low modal EC
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value (0.15 μg m−3, Fig. 4e) support this contention. Moreover, as was
the case for EC, theOC concentrations for the clean trajectories (C-D, C-H
andC-I)were the lowest of all the transport clusters; theOCaverages for
these clusters ranged in 1.9–2.2 μg m−3, similar to the modal OC
concentration (Fig. 4d). Therefore, C-D, C-H and C-I pathways, although
accountingonly for 7%of the trajectories,may best represent the aerosol
background at AKD.

3.2. Differences in the aerosol populations at Zhuzhang and Akdala

3.2.1. Central tendencies and variations of the aerosol concentrations
At AKD the arithmetic mean concentrations of OC, EC, SO4

2−, NO3
−,

NH4
+ and soil dust were considerably higher than their medians (Fig.

5, Table 3). These differences in the aerosol populations (except soil
dust) presumably result from the high concentrations that occurred
during pollution episodes and caused the skewness in the distribu-
tions. Here, the soil dust fraction was estimated based on the 4%
elemental Fe content of dust samples from the Mu Us Desert (Zhang
et al., 2003), a value also similar to that in the earth's upper
continental crust. Note that soil dust is mostly natural in origin and
normally would not be greatly influenced by pollution episodes;
however, its levels evidently can be elevated during dust events as this
region is adjacent to some large dust sources.

In contrast, at ZUZ, the arithmetic mean concentrations of OC, EC,
SO4

2−, NO3
−, NH4

+ and soil dust were much more comparable to their
Fig. 5. Median and variation of 3-day averaged (a) organic carbon (OC), (b) elemental carb
concentrations in PM10 from August 2004 to February 2005 at Zhuzhang (ZUZ) and Akdala (
the concentrations of aerosol populations; the median 50th percentile concentrations are als
concentrations by using TEOM® series 1400a ambient particulate monitor (Rupprecht & Pa
medians. This suggests weaker influences from pollution, and a more
stable aerosol background. Because there are inevitably some pollution
events atmost sampling sites, the identificationof thedatawith the least
perturbation is a way to characterize atmospheric backgrounds.

Indeed, the frequency distributions of the 30-minute averaged
ambient PM10 mass concentrations measured synchronously during
the sampling course illustrated strongly skew-right distributions at
AKD compared with more symmetrical ones at ZUZ (Fig. 5g and h).
Comparisons of the real-time PM10mass concentrations also indicated
that AKD was more likely influenced by pulses of aerosol pollution
than ZUZ. Finally, it is worth noting that the modal real-time PM10

mass concentrations (3.5 to 5.0 μg m−3 at ZUZ and 4.0 to 10 μg m−3 at
AKD, respectively) were comparable with the gravimetrically deter-
mined PM10 concentrations at both sites.

Comparisons between the sites show that SO4
2−, NH4

+, NO3
− and

soil dust had significantly higher mean concentrations and median
concentrations at AKD than at ZUZ (Fig. 5, Table 3). On other hand,
although there were similar arithmetic mean OC and EC concentra-
tions (in the ranges of 2.9–3.1 μg m−3 and 0.34–0.35 μg m−3,
respectively) at the two sites, the median OC and EC concentrations at
AKD (2.4 and 0.24 μg m−3) were lower than those at ZUZ (3.0 and
0.32 μg m−3) (Fig. 5, Table 3).

Variations in the aerosol populations, can be further evaluated by
comparing the interquartile ranges (IQRs), that is, the difference
between the 75th and 25th percentile values. The IQRs were used here
on (EC), (c) sulfate (SO4
2−), (d) nitrate (NO3

−), (e) ammonium (NH4
+), and (f) soil dust

AKD); the box-and-stem plots depict the 10th, 25th, 50th, 75th, and 90th percentile for
o presented. Frequency distributions of the on-line observed 30-minute averaged PM10

tashnick, US) during the sampling course at ZUZ (g) and AKD (h).



Table 3
Median and mean concentrations of the aerosol populations in PM10 during summer,
2004 to spring, 2005 at Zhuzhang (ZUZ) and Akdala (AKD).

Aerosol
populations

ZUZ concentration, μg m−3 AKD concentrating, μg m−3

na Median Arithmetic mean±
standard deviation

n Median Arithmetic mean±
standard deviation

OC 70 3.0 3.1±0.91 45 2.4 2.9±1.6
EC 70 0.32 0.34±0.18 45 0.24 0.35±0.31
SO4

2− 74 1.6 1.6±0.77 56 2.8 3.3±2.1
NO3

− 74 0.37 0.45±0.34 56 0.52 0.58±0.45
NH4

+ 71 0.11 0.15±0.14 53 0.56 0.60±0.42
Soil dustb 69 0.70 0.85±0.57 17c 4.2 4.7±2.4

a Here, n, number of samples.
b Estimated based on 4% elemental Fe content of dust samples from the Mu Us Desert

(Zhang et al., 2003).
c Soil dust data are only available from later July to early September 2004 at AKD.
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because they reflect variations in centers of the distributions, rather
than the standard deviations which measure the average dispersions
of all data points from themean. These comparisons indicated that OC,
EC and NO3

− were slightly more variable at AKD, that is, the IQRs were
about 10 to 40% higher than those at ZUZ. However, much larger
variations were observed for SO4

2−, NH4
+ and soil dust at AKD; for

these analytes, the IQRs were about three to seven times those at ZUZ.
Thus, the spread in the aerosol populations' concentrations was
considerably narrower at ZUZ than at AKD (Fig. 5); this further implies
that ZUZ is more often representative of regional background
conditions than AKD.

The variability exemplified by the IQRs and the box and stem plots
reflects variations in source emissions, meteorological processes as
well as pollutant transport. Larger variations in most of the aerosols
at AKD implied stronger impacts of pollution on background levels,
and this may be due to the transport of upwind pollution from Russia
(see C-J and C-G trajectories, Fig. 1). Meanwhile, AKD also experi-
ences more soil dust released from the Gobi and adjacent deserts. In
contrast, although OC and EC concentrations were slightly more
variable at AKD, their median concentrations were lower than at ZUZ
(Fig. 5a and b); suggesting that theremay be lower background levels
of carbonaceous aerosol in the mid-latitude area where AKD is
located. Slightly higher andmore stable OC and EC background levels
were observed in the low latitude area where ZUZ is situated,
probably due to regional anthropogenic emissions as well as the
input of pollutants upwind which are often mid- to high latitude
areas.

The contributions of the major components to the total aerosol
mass differed between ZUZ and AKD: for example, the proportions of
OC, SO4

2− and EC in PM10 were about 47%, 24% and 5.1% at ZUZ
compared with 29%, 34% and 3.5% at AKD (Qu et al., 2008). The
concentrations of OC are less variable than most of the other aerosol
species, and OC contributes significantly to the aerosol mass at these
two sites; EC on the other hand is lower at the mid- to high latitude
area (AKD), but its concentration increases during pollution events. In
general, the higher EC mass fraction at ZUZ compared to AKD implies
that the aerosol population over the remote low latitude area is more
absorbing than that over the remote mid- to high latitude area in
western China. These differences in background aerosol and pollution
impacts presumably lead to different regional radiative effects and so
may have important implications for regional climate.

3.2.2. Organic carbon/elemental carbon ratios as indicators of
background versus polluted conditions

Inspection of the data showed opposing temporal trends in the OC/
EC ratios and PM10 TC concentrations at both sites. Low OC/EC ratios
occurred during pollution episodes, that is when EC was elevated, while
the increases inOC/EC ratios aremost easily explained by SOC formation
during transport, along with the mixing, diffusion and dilution of the
primary pollutants such as EC. This latter case provides useful
informationon thebackgroundaerosol. Therefore,weevaluated changes
inOC/EC ratios as ameans of distinguishingbackground conditions from
those influenced by polluted events.

For this analysis, we divided the data into two subsets, i.e. samples
with OC/EC ratios higher than its total median value and those with
lower OC/EC ratios (Fig. 6a and d). The hypothesis to be tested was
that the high-ratio subgroup mainly consisted of samples collected
during clean periods (hereinafter referred to as “background
samples”) while the low-ratio group included samples collected
during polluted episodes (“polluted samples”). Note that this
separation is particularly sensitive to the formation of SOC, and
therefore the aerosol concentrations of the background samples were
generally, but not necessarily, lower than those for the polluted
samples. Furthermore, the background samples cannot be expected to
be totally free from anthropogenic influences, but we did find this
approach helpful in assessing the aerosol backgrounds at the two sites.

At ZUZ, the modal OC/EC ratios were 12.5 and 7.5 for the
background samples and the polluted samples, respectively (Fig. 6a)
while at AKD the corresponding modal ratios were 10.5 and 6.5
(Fig. 6d). The modal OC/EC ratios were evaluated here instead of the
means because the distributions were non-normal, and the modes
reflect the most frequently observed conditions. The OC/EC ratios for
the polluted samples were not only lower but also less variable
compared with the background samples at both sites. Although
significant correlations (pb0.001 significance) were found between
OC and EC in PM10 for both the background samples and the polluted
samples, the correlations for the background dataset (r=0.75 for ZUZ
and r=0.69 for AKD, Fig. 6b and e) were less than those for the
polluted dataset (r=0.84 for ZUZ and r=0.95 for AKD, Fig. 6c and f).
This suggests that the influences of the primary sources were more
important for the polluted samples while SOC formation more
strongly affected the ratios of the background samples.

Themedian concentrations of OC, EC, SO4
2−, NH4

+ and soil dust (but
not NO3

−) were higher in the ZUZ PM10 samples that were classified as
polluted on the basis of OC/EC ratios (Fig. 7a, b, c, e and f). The IQRs for
these species in the polluted group were 1.3 to 2.2 times those of the
background samples, indicating greater variability during pollution
events. In contrast, the two ZUZ subgroups exhibited similar NO3

−

median concentrations with IQR in the polluted group only 0.6 times
that of the background group, which was probably due to efficient
transport (Chow et al., 1998, 2002) and possibly a more homogeneous
spatial distribution of this secondary aerosol in the region. At AKD, the
median concentrations of OC, EC, SO4

2−, NO3
− and NH4

+ also differed
between the groups split on the basis of OC/EC ratios (Fig. 7g, h, i, j
and k), soil dust was not included here because of incomplete data.
The IQRs for SO4

2−, NO3
− and NH4

+ for polluted AKD samples were
slightly higher than those in the clean group, but the IQRs for OC and
EC were about 3.0 and 6.7 fold higher in the polluted samples.

The data stratified by OC/EC ratios show that the concentrations of
OC, EC, SO4

2−, NO3
− and NH4

+ increasedmore during pollution episodes
at AKD compared with ZUZ, and this is consistent with the greater
influences of pollution emission on air quality at AKD. These results
show that OC/EC ratios can be used as a means of distinguishing
polluted periods from background conditions at our two background
sites. That is, higher OC/EC ratios are more representative of regional
background, whereas pollution emissions tend to drive the ratios
lower. Further investigations are necessary to determine the general
applicability of this approach for evaluating pollution levels at remote
sites.

3.2.3. Differences in OC/EC background levels at the two sites
The EC background level at ZUZ in southwestern China was

~0.30 μg m−3, whereas that in northern Xinjiang Province where AKD
is located was ~0.15 μg m−3. One possible explanation for this
difference is that the anthropogenic emissions are comparatively



Fig. 6. Frequency distribution of (a) OC/EC ratio in PM10 at Zhuzhang (ZUZ), (d) OC/EC ratio in PM10 at Akdala (AKD) for the background samples (OC/EC ratio higher than its total
median value) and the polluted samples (OC/EC ratio lower than its total median value); OC and EC relationship in PM10 at ZUZ for (b) the background samples and (c) the polluted
samples; OC and EC relationship in PM10 at AKD for (e) the background samples and (f) the polluted samples.
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weaker in the mid- to high latitude area. On the other hand, the mid-
to high latitude sources in Eurasia are upwind of the low latitude ZUZ
area, and so pollutants could easily have been transported to that site.
Observations at Mt. Waliguan have shown that the monthly average
EC concentrations from 1994 to 1995 were 0.13 to 0.3 μg m−3 (Tang
et al., 1999), similar towhat wemeasured at AKD and ZUZ inwhat was
presumed to be background air. In contrast, the EC concentrations
reported for the Lin'an regional background station (2.5±0.7 to 3.4±
1.7 μg m−3, Xu et al., 2002; Wang et al., 2004) are much higher than
those at Mt. Waliguan or the sites we sampled. Lin'an is in Zhejiang
Province, a heavily populated area in southeastern China and it is
subject to strong anthropogenic emissions.
The OC background concentrations at ZUZ (2.8 to 3.0 μg m−3) and
AKD (1.9 to 2.2 μg m−3) were comparable with those measured over
the sea surface near South Korea in August 1994 (2.36±0.16 μg m−3,
Kim et al., 1999). In contrast, the EC background concentrations at ZUZ
(0.30 μg m−3) and at AKD (0.15 μg m−3) were higher than those
reported for the same South Korean study (0.08±0.02 μg m−3) and
also higher than EC background concentration of 0.09 μgm−3 over the
northwest Pacific during March to April, 2001 reported by Lim et al.
(2003); this difference in EC levels was presumably due to stronger
anthropogenic influences over the continents compared with the sea.

The differences in background EC and OC levels and their
contributions to the total aerosol reported here may result in different



Fig. 7. Median and variation of 3-day averaged (a) organic carbon (OC), (b) elemental carbon (EC), (c) sulfate (SO4
2−), (d) nitrate (NO3

−), (e) ammonium (NH4
+), (f) soil dust

concentrations in PM10 at Zhuzhang (ZUZ) for the background samples and the polluted samples; median and variation of 3-day averaged (g) OC, (h) EC, (i) SO4
2−, (j) NO3

−, (k) NH4
+

concentrations in PM10 at Akdala (AKD) for the background samples and the polluted samples from August 2004 to February 2005. The box-and-stem plots depict the 10th, 25th,
50th, 75th, and 90th percentile for the concentrations of aerosol populations. The median 50th percentile concentrations for each group are also presented.
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regional effects on climate. For example, Menon et al. (2002) reported
that absorbing aerosols such as black carbon (BC, similar to EC,
differingmainly in the analytical/determinationmethod) can heat the
air, alter regional atmospheric stability and vertical motions, and affect
large-scale circulation and the hydrologic cycle; their modeling
research suggests that low-level heating due to absorbing aerosols
can enhance rising motions locally, resulting in local cooling and
enhanced precipitation, with counterbalancing subsidence, warming
and decreased rainfall away from the region impacted by the aerosols.
These effects of increasing BC aerosol loads have been linked to
changes in precipitation trends in China over the past several decades,
with increased rainfall and summer floods in the south and drought in
the north; changes in aerosol loadings also havebeen linked to changes
in precipitationpatterns over India and increased droughts in northern
areas such as Afghanistan (Menon et al., 2002). Identification of the
difference in background EC levels between the mid- to high latitude
areas and the low latitude areas in western China through our studies
suggests the regional heterogeneity of this absorbing aerosol needs to
be considered when evaluating its regional climate effects.

Our results are consistent with other studies of the spatial
distributions of carbonaceous aerosols. For example, based on data
collected during four cruises over the western Pacific, Sugimoto et al.
(2001) concluded that aerosol density was generally high at latitudes
above 25°N where the westerly winds from the Asian continent
prevailed, and that the aerosols in the continental air mass were
clearly different from those at lower latitudes. From observations over
the Arabian Sea, tropical Indian Ocean and Southern Ocean, Moorthy
et al. (2005) reported that large latitudinal BC gradients exist north of
~20°S with BC increasing to concentrations as high as 2 μg m−3 over
the Arabian Sea (~8°N); on the other hand, the fraction of the aerosol
mass made up by BC showed a distinctly different variation, with a
peak close to the equator and decreasing on either side; this study also
showed that BC remained at extremely low (b0.05 μg m−3) and
remarkably constant concentrations over the Southern Ocean (20°S to
56°S). It has been suggested that heating caused by high BC loadings in
the lower troposphere could result in rising motions of the atmo-
sphere (Menon et al., 2002); such effects by relatively higher BC
loadings in the low latitude presumably could contribute to large-
scale effects on atmospheric circulation (Hu and Fu, 2007; Seidel et al.,
2008).

4. Conclusions

(1) High OC/EC ratios and large proportions of SOC in the total
aerosol OC were found at ZUZ and AKD; this is best explained by the
formation of SOC during transport. In general, the large proportion of
OC in these Chinese background aerosols may result in a stronger
cooling effect compared with the warming from EC, but this
suggestion obviously needs to be verified through measurements.

In comparison, the spatial distribution of EC is apparently more
patchy than OC, and at these remote Chinese background sites, the EC
concentrations are low (~0.15 to ~0.3 μg m−3). Along these lines,
observations in the San Joaquin Valley and in the Valle de Mexico
(Chow et al., 1998, 2002) have revealed efficient regional transport
(for hundreds of kilometers) of particulate sulfate, nitrate and OC
(which contain large secondary proportion resulted from photoche-
mical conversion) compared with a more restricted spatial distribu-
tion of EC (transport less than 1 to 5 km). Therefore, in regions lacking
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strong anthropogenic emissions, OC generally will contribute more to
the carbonaceous aerosol population than EC. Even so, high EC levels
in some large Chinese cities have the potential to cause adverse health
effects in addition to any effects on climate.

SOC accounted for 26 to 35% of the PM10 mass at ZUZ versus 13 to
35% at AKD. A relatively constant EC contribution to PM10 mass (4.2%
to 4.3%) for the long-range transport pathways to ZUZ as well as a
similar proportion of EC in PM10mass over the different seasons (~3%)
at AKD indicates that EC is a relatively constant component in these
regional background aerosols. As SOC was found to contribute the
most mass to the carbonaceous aerosol, reducing emissions of VOCs
and the precursor gases of SOC (e.g. hydrocarbon) would be an
efficient way of reducing PM levels in China.

(2) OC/EC ratios were used to distinguish polluted periods from
background conditions. The frequency distributions of OC and EC, first
order exponential decay fitting relationship between OC/EC ratio and
EC concentration, combined with estimates of the pollutants' levels
for the transport pathways indicated that background EC and OC
concentrations in PM10 were ~0.30 μg m−3 and 2.8 to 3.0 μg m−3 at
ZUZ, in contrast to ~0.15 μg m−3 and 1.9 to 2.2 μg m−3 at AKD.

The higher EC background concentration and the greater contribu-
tion of EC to the total aerosol mass at the low latitude ZUZ site
comparedwith themid-latitude AKD site can be explained by stronger
regional anthropogenic emissions combined with greater inputs of
pollutants upwind. The latter often originate frommid- to high latitude
areas, and their transport is driven by the monsoonal circulation in
Eurasia. Similarly, differences in the background levels and contribu-
tions of the crucial aerosol components (such as OC, EC, sulfate and soil
dust) to the total aerosol between AKD and ZUZ presumably lead to
different regional radiative effects, and these should be taken into
account when assessing perturbations to regional climate.

It is likely that efficient mixing upwind may result in a
comparatively consistent aerosol mixture and a relatively constant
aerosol background in the low-latitude Eurasian background area like
ZUZ. However, this contention needs further investigation.

(3) Unlike the relatively similar levels of OC and NO3
− (which also

has an important secondary fraction) in the “background ” and
“polluted samples”, other aerosol species, including EC, SO4

2−, NH4
+,

and soil dust, increased by factors of 1.4 to 2.6 from their background
conditions during polluted episodes at ZUZ. At AKD, OC, EC, SO4

2−,
NO3

− and NH4
+ all exhibited higher concentrations with larger

variations during polluted conditions. Because of the inevitable
occurrence of pollution impacts, identification of the data with the
least perturbation is essential for determining background conditions.

Atmospheric data available from remote sites in China are still
quite limited, and future work should focus on extending the coverage
of background observations and improving the representativeness of
these observations. Better information on the aerosol background for
different regions of the country will be valuable for assessing the
aerosols' regional climate effects and for implementing the air
pollution control strategies in China.
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